Introduction
Upon activation of human neutrophils by chemoattractants, functionally important proteins are rapidly transported from intracellular granules and storage vesicles to the plasma membrane. This is accompanied by a marked increase in the rate of endocytosis and by ligand-independent internalization of type 1 complement receptors (CR1). To define the pathway of endocytosis, we used gold-conjugated BSA in a pulse-chase protocol. This tracer was initially internalized into small endocytic vesicles which rapidly traversed the cytoplasm and coalesced to form large, conspicuous multivesicular bodies. Within 5 mn after addition of the chemoattractant, multivesicular bodies contained > 60% of the cell-associated BSA-gold. CR1 colocalized with the endocytic tracer in both the early endosomes and multivesicular bodies. In unstimulated cells, there was much less uptake of BSA-gold and multivesicular bodies were rarely seen. Using the acidotropic amine, DAMP, and anti-DNP antibodies, we found that the multivesicular bodies were acidified but the early endosomes did not concentrate DAMP. Neither the early endosomes nor the multivesicular bodies initially contained the lysosomal membrane antigens hLAMP 1 or 2, but hLAMP-positive structures subsequently joined the multivesicular bodies. The rapid activation of the endocytic pathway upon stimulation of neutrophils allowed us to visualize the de novo formation and maturation of multivesicular bodies. Our observations suggest that vesicles containing ion pumps and acid hydrolases fuse with multivesicular bodies, giving them characteristics of lysosomes, and that these are the probable sites of degradation of CR1. The observations do not support models which would require transport of CR1 from multivesicular bodies to defined, pre-existing lysosomes for degradation. (J. Clin. Invest. 1994. 94:1113-1125.) Key words: endocytosis -neutrophil * complement receptor -chemoattractant Activation of human neutrophils by chemoattractants induces dramatic changes in their functional capabilities, as receptors and adhesion molecules are rapidly brought to the surface of the cell and the microbicidal oxidase system is assembled from components stored in different intracellular compartments (1) (2) (3) (4) (5) . Several of these proteins are stored in resting cells in the membranes of the characteristic neutrophil granules (1, 2) , while others are stored in the membranes of smaller vesicular structures (4, 6, 7) . Fusion of the membranes of these intracellular structures with the plasma membrane thus represents a major pathway of protein translocation during cell activation. Activation of neutrophils by chemoattractants is also accompanied by a rapid increase in the rate of fluid phase pinocytosis (8) (9) (10) . The internalization of the membrane that forms the pinocytic vesicles may serve to partially balance the exocytotic flow of membrane to the cell surface.
Within minutes of stimulation of resting neutrophils by the chemotactic peptide N-formyl-Met-Leu-Phe (fMLP), type 1 complement receptors (CR1)' are transported from the membranes of small vesicles to the plasma membrane, increasing their surface expression up to 10-fold (3, 6, 11, 12) . This chemoattractant also induces ligand-independent internalization of CR1 ( 12, 13), and we have reported that the internalized receptors accumulate in large, distinctive multivesicular bodies (6, 13) . These structures are not easily seen in resting neutrophils that have not been exposed to chemoattractants, but in activated cells they are conspicuous and serve as major sites of internalization of markers of fluid phase pinocytosis (6, 14, 15) .
Many questions concerning the formation and function of multivesicular bodies remain unanswered. They have often been considered to be intermediate sorting structures along the endocytic pathway, although they may also contain acid hydrolases (16) (17) (18) (19) . Some investigators propose that they are stable prelysosomal sorting structures and that proteins within their interior must be transported to lysosomes if they are to be degraded (20) , while others propose that functionally similar structures form de novo during endocytosis and then mature by the addition of proteins which give them the characteristics of late endososmes or lysosomes (16) . The neutrophil provides a unique system for evaluating these hypotheses because the endocytic pathway is quiescent in resting cells but can be rapidly activated by chemoattractants, resulting in the de novo appearance of large, conspicuous multivesicular bodies.
In this report, we have studied the pathway of chemnoattractant-induced endocytosis by using colloidal gold conjugated to bovine serum albumin as a marker of fluid phase pinocytosis. Pulse-chase analysis of the kinetics of movement of the initial small endocytic vesicles across the cell and their apparent coalescence into multivesicular bodies showed that this was a rapid process. Within smi after stimulation > 60% of the cell associated gold was found in large conspicuous multivesicular bodies. In the absence of fMLP there was much less uptake of the gold conjugate, and only a few small multivesicular bodies were formed. Using dinitroanilino-amino-N-methyl dipropylamine (DAMP) and antibodies against dinitrophenol, we found that the multivesicular bodies became markedly acidified while the early endosomes did not appreciably concentrate the amine. Neither the early endosomes nor multivesicular bodies initially contained the lysosomal membrane markers hLAMP 1 or 2. However, hLAMP positive structures subsequently fused with the multivesicular bodies, giving the latter a positive reaction as well. Our results thus suggest that in activated neutrophils, multivesicular bodies form by the coalescence of small endocytic vesicles. They subsequently mature by acquiring proton pumps and acid hydrolases. The multivesicular bodies themselves are thus the likely sites of intracellular degradation of CR1, rather than an intermediate compartment from which internalized receptors are transported to lysosomes for degradation.
Methods
Cells. Human neutrophils were isolated from heparinized peripheral blood of normal donors using Percoll density gradients as previously described (3, 21 activated in the presence of the endocytic tracer using the pulse chase protocol as above, but 30 jiM DAMP was included simultaneously with fMLP in both the pulse and chase phases. In some experiments, to control for specificity, 37 washed again with TBS-PMSF, and four additional times with distilled H20. The sections were postembedded in a 9:1 mixture of methylcellulose (Sigma Chemical Co.) and 3% uranyl acetate (25, 26) . All sections were examined with a JEOL 100 CX transmission electron microscope.
Results
Use ofBSA-gold as a tracer offluid phase pinocytosis. The use of gold conjugates to trace fluid phase pinocytosis was initially tested in preliminary experiments. Fig. 1 shows the effects of activation of the cells on the uptake and distribution of BSAgold tracer during 20 min of continuous incubation. Resting cells maintained at 0C show little internalization of BSA-gold ( Fig. 1 A) . Cells incubated at 37TC, which may undergo some A~~~~~~~~~~~~~~~~~.
;T.) ... Anti-mouse IgG conjugated with 5 nm gold was used to identify anti-CR1 antibodies (arrows). 20 nm gold-BSA is the endocytic tracer. Bars, 0.1 tIm.
activation even in the absence of specific stimuli (3, 1 1 ), show modest internalization of BSA-gold ( Fig. 1 B) , most of which is contained in a single small vesicle (arrow). In contrast, cells activated with the stimulus fMLP ( Fig. 1 C) (Fig. 1 C) . To study the route by which the endocytic tracers accumulate in multivesicular bodies, we performed time-course and pulse-chase experiments. The cellular structures involved in the initial uptake of BSA-gold conjugates were examined by transmission EM of osmium stained sections of cells incubated for 2 min with BSA-gold and f MLP. Most of the early endocytic invaginations and small peripheral vesicles containing the tracer include coated areas of membrane (Fig. 3 A) . Thus, although the endocytosis of BSA-gold is not receptor mediated, most of the internalization involves coated pits and coated vesicles. Any complement receptors which are present in these vesicles are presumed to be free of ligands since no serum is present.
Since our previous studies indicated that CR1 undergoes ligand-independent internalization in response to f MLP stimulation ( 13), we used immunogold staining to determine whether CR1 and the fluid phase tracer shared the same pathway of endocytosis. As shown by the arrows in Fig. 3 B, this does appear to be the case, since small round vesicles carrying 20 nm BSA-gold stained positively for CR1 (5 nm gold, arrows). These appear distinct from the vesicles in which CR1 is stored in resting cells, which are irregularly ovoid in shape and most of which are not near the cell surface (6) .
Kinetics offluid phase endocytosis. A pulse-chase protocol, in which the tracer was present only during the first two minutes of chemoattractant stimulation, was used to define the pathway and kinetics of endocytosis. As shown in Fig. 4 , at the end of the 2-min pulse, most of the intracellular tracer was in small peripheral vesicles (arrowheads). Some of the vesicles had already traversed the cytoplasm and were no longer near the periphery of the cell, as shown by the arrows in Fig. 4 B. Although some small multivesicular bodies were visible in some cells at this early time point (Fig. 4 A, asterisk) , little or no gold conjugate was present in these structures, and we speculate that they may have been formed during previous activation events which occurred in vivo or during preparation of the cells.
The movement of the small vesicles across the cytoplasm was rapid-by 5 min of chase only a few labeled vesicles were visible near the periphery of the cell and 50-60% of the internalized gold-BSA was already in multivesicular bodies (Fig. 5) contrast to Figs. and 2 in which the stimulus-f MLP and the gold-BSA were present continuously and in which gold-BSA continued to be internalized into peripheral structures at 20 and 60 min of incubation. The process of coalescence of endocytic vesicles into multivesicular bodies continued rapidly, such that by 25 min of chase, > 80% of the tracer was in the latter structures (Fig. 6 ). CR1 (5 nm gold) continued to follow the same intracellular pathway as the fluid phase tracer, and can be clearly visualized on the membranes of the 20 nm gold-BSAcontaining vesicles inside the multivesicular body (Fig. 7) . In cells which were not stimulated by f MLP, but may have undergone some "spontaneous" activation when they were incubated at 37TC, small multivesicular bodies also contained tracer, but the overall uptake was much less than in stimulated cells (Fig.  5 B and 6 C) . At h and longer intervals, most of the gold-BSA was found in large conspicuous multivesicular bodies, of which one or two were visible in most sections (Fig. 8) . As seen in Fig. 8 A and also in some other images (i.e., Fig.  C) , there may be some variability in the appearance of these structures even in a single cell. There was no evidence of formation of dense residual bodies or other structures at later periods, most of the gold continued to be present in multivesicular bodies such as those present after 4 h (Fig. 8 B) . A summary of this kinetic analysis is provided in Fig. 9 .
Acidification ofendocytic structures. To determine the stage at which endocytic structures were acidified, we used the acidotropic amine, DAMP, and anti-DNP antibodies (27) (28) (29) . The small peripheral vesicles that initially contain the endocytic tracer after the 3-min pulse with BSA-gold were not sufficiently acidified to concentrate the amine, and these structures did not become more acidified as they traversed the cell (Fig. 10 A) . After 45 min of chase (Fig. 10 B) , multivesicular bodies containing BSA-gold (20 nm gold) from the initial pulse were much more acidified and stained positively for DAMP (arrows, 5 nm gold). The lack of staining of the early endocytic vesicles is not because there was insufficient time for DAMP to accumulate in these structures, since several types of granules which had not received endocytic tracer were even at the earliest time points studied ( Fig. 10 A, stars) , and since peripheral vesicles were not DAMP positive at later time points (not shown). This increase in acidification of late endocytic structures is consistent with a model in which the early endocytic vesicles lack the machinery necessary for acidification but later acquire the pumps and/or channels required for this activity, possibly as a result of additional membrane fusion. In cells which were incubated at 370C but were not stimulated with f MLP, acidification of granules and the occasional preexisting multivesicular bodies was still apparent (not shown). Specificity of the staining with DAMP and anti-DNP was demonstrated by controls in which 37 mM NH4Cl was included with DAMP and in controls which the MOPC 21 myeloma protein was substituted for the anti-DNP antibody. In both of these situations, there was no gold labeling (not shown). Addition of lysosomal membrane proteins. To determine when endocytosed material came into contact with lysosomes, we used the pulse-chase protocol described above, and stained with a mixture of monoclonal antibodies to the two similar human lysosomal membrane antigens hLAMP 1 and hLAMP 2. Early in the chase, these antigens were present in intracellular granules and vesicles (Fig. 11 ), but they were not found in areas of the plasma membrane where the endocytic tracer was being internalized or in the small endocytic vesicles (Fig. 11,  A and B, arrowheads) . At 10 to 15 min of chase, most of the endocytic tracer was in multivesicular bodies, but these contained only minimal amounts of hLAMP (Fig. 12, A and B) . At 25 min and later, there was positive staining for the hLAMP antigens on the limiting membrane as well as on internal vesicles in multivesicular bodies that had received the endocytic tracer. Although there is no clear evidence of membrane fusion, a number of sections suggest that hLAMP positive granules are joining multivesicular bodies (Fig. 13, A and B) . hLAMPs (Fig. 13 C) . A summary kinetic analysis of the percent of BSA-gold particles per cell in structures staining positively for hLAMPs is provided in Fig. 14. These observations suggest that the multivesicular bodies themselves are the recipients of acid hydrolases, rather than serving as sorting stations from which transport vesicles carry endocytosed material to lysosomes.
Discussion
Upon activation of human neutrophils by chemoattractants, intracellular vesicles and granules rapidly fuse with the plasma membrane. These structures carry important proteins in their membranes, which are thus delivered to the cell surface. Within minutes, the functional status of the cell changes dramatically, as the surface expression of adhesion molecules, phagocytic receptors, and components of the microbicidal oxidase system increase by an order of magnitude or more (1) (2) (3) (4) (5) 11) . This movement of membrane is not unidirectional-chemoattractant stimulation is also accompanied by a marked increase in the rate of fluid-phase endocytosis (9, 10) . It seems likely that a major function of the increased endocytosis is to recover membrane and limit the volume to which the cell must increase. Similar membrane retrieval processes have been observed in exocrine gland cells, neurosecretory chromaffin cells and in mast cells (30) (31) (32) . Previous work on CR1 (6, 12, 13) and recent data on FcyRIII (14) suggest that ligand-independent internalization of these receptors accompanies membrane retrieval. In the present investigation, we have defined the pathway and kinetics of this internalization.
Using BSA-gold as a tracer of fluid phase pinocytosis, we found that early endosomes formed at the periphery of the cell and appeared to move rapidly across the cytoplasm and coalesce to form multivesicular bodies. The speed of this process is apparent in the observation that within 10 min after cell activation, 60-80% of a pulse of endocytosed tracer is already contained within multivesicular bodies. We cannot exclude the possibility that this rapid movement represents flow of endocytosed material through a continuous system of tubules, with the apparent vesicles representing varicosities formed as the bolus of ingested material moves along the tubule, as has been suggested by others (33, 34) . Much of the initial internalization occurs in coated areas of membrane even though the uptake of these tracers is not mediated by a specific saturable receptor. Since CR1 colocalizes in these vesicles, these data suggest that this receptor may associate with coated areas of membrane in the absence of cross-linking, as well as when it is cross-linked, as previously reported (35) . These data do not exclude the possibility that some of the CR1 is also internalized in non-coated areas of membrane, as reported by Carpentier et al. ( 12) . However, the subsequent pathway may be similar regardless of whether coated or non-coated membrane structures are involved, as suggested by Tran et al. (36) .
The small endosomes in which the tracer is initially enclosed and those in which tracer is found deeper in the cytoplasm do not stain positively by DAMP immunocytochemistry, consistent with little or no acidification, and suggesting that their membranes may lack channels or pumps necessary for acidification. Similarly, the initial endosomes do not stain positively for lysosomal membrane proteins, and in fact, the internalization process seems to occur in regions of the cell distant from hLAMPpositive granules or lysosomes. These observations are congruent with those reported by Tougard et al. (19) who used a different anti-lysosomal membrane antibody in rat prolactin cells, but also found that early endosomes did not stain positively. In that study, the first structures in the endocytic pathway to stain positively for lysosomal antigens were multivesicular bodies. Our results are also in agreement with those of Geuze et al. (37) who showed that antibodies against a 120-kD lysosomal membrane protein in rat hepatoma cells progressively labeled endocytic structures, including multivesicular bodies, at 10, 30, and 60 min of endocytosis (37) . Judging from images such as Fig. 4 B, the multivesicular bodies which contain the endocytic tracer may form de novo by the coalescence of early endosomes which are not acidified 'and are not positive for hLAMP. Our results (Figs. 11-13 ) suggest that hLAMP-positive granules subsequently fuse with the multivesicular bodies, so that by 1 h after stimulation the latter are quite clearly positive for hLAMP, suggesting that they probably also contain lysosomal acid hydrolases at that time. By analogy, it seems likely that multivesic- Chase, Min ular bodies also acquire the capacity for acidification by fusion with other vesicles carrying ion pumps or other proteins necessary to lower the internal pH, as indicated by the markedly positive DAMP staining at the later time points (Fig. 10 B) . These results are most consistent with a model (16) in which the endocytic vesicles fuse to generate a multivesicular body which then matures by the addition of proteins which confer upon it the characteristics of a late endosome. In stimulated neutrophils, these late multivesicular bodies themselves may be important sites of degradation of endocytosed material and membrane proteins since they also acquire properties of lysosomes. This sequence of events seems analogous to the acidification and sequential fusion of different types of PMN granules with newly formed phagocytic vacuoles (38, 39) . Our results are thus consistent with previous observations that multivesicular bodies in neutrophils contain hLAMP 1 and 2, although in those studies the formation of the multivesicular bodies was not described (40) . If these structures serve as prelysosomal sorting sites in stimulated neutrophils, as has been suggested in other cell types (19, 41) , proteins which are to be recycled without degradation must leave the multivesicular body before the addition of acid hydrolases, as proposed by Felder et al. (17) . Our results do not support models (41) which would require transport of CR1 and other proteins that are to be degraded from the multivesicular bodies to separate, pre-existing lysosomes for degradation. We have previously reported that CR1 undergoes ligandindependent internalization and degradation in chemoattractantstimulated neutrophils (13) . By immunofluorescence, one or two large accumulations of CR1 were found in such cells, and incubation with the protease inhibitor PMSF or with NH4Cl, both of which decreased the degradation of CR1, enhanced the size and increased the staining of these accumulations (13 positive structures was due to inhibition of degradation of internalized CR1 within multivesicular bodies. In these studies, we have found that even at intervals as long as 4 h after the initial "pulse" of endocytosis, nearly all of the tracer is still contained in a few large multivesicular bodies in each cell, rather than being re-distributed into smaller transport vesicles. Thus, little recycling of content from these structures seems to occur within the time intervals we have studied. It is possible, however, that any recycling vesicles that arise from the large multivesicular bodies move rapidly to the plasma membrane and/or lack endocytic tracer. It is also possible that some membrane proteins are recycled without degradation, by segregation within and removal from the multivesicular bodies before addition of acid hydrolases ( 17) , but that we did not detect this since we did not specifically immunostain for such proteins.
Since the stimulus, fMLP, is present continuously in our "chase" incubations, rapid translocation of intracellular secretory/transport vesicles to the plasma membrane is likely to continue throughout these incubations. Our protocol differs in this respect from that of Jost et al, who did not include a stimulus in their incubations, and who observed co-localization of accumulated endocytic tracer and FcyRIII in small vesicles in the juxtanuclear region of the cell ( 14) . It is thus possible that in the absence of fMLP, when endocytic uptake is slow, individual vesicles rather than multivesicular bodies accumulate over time. observations of "reversible pinocytosis" by cultured adherent peritoneal exudate cells which were further stimulated by formyl peptide activators (8) .
The rapid increase in the rate of endocytosis upon chemoattractant stimulation makes the neutrophil a useful model which has allowed us to study the formation and maturation of endocytic structures. This system may also be advantageous for determining the mechanisms by which proteins that are recycled without degradation are removed from the multivesicular bodies before acid hydrolases are delivered to them, and for studying the intracellular signals that prompt the intracellular fusion events that lead to maturation of the multivesicular bodies.
